In order to investigate the electromechanical coupling characteristics of the integrated electric drive system (IEDS) that consists of a surface-mounted permanent magnet synchronous motor (SPMSM) and a helical gear reducer, a transient dynamic model including the motor model and the driveline dynamic model is established. Based on this model, the interaction between the mechanical system and the electrical system of IEDS for electric vehicle is simulated and analyzed. To suppress the dynamic load of IEDS mechanical components caused by the sudden step electromagnetic torque during rapid acceleration, an active damping control strategy (ADCS) is proposed. With the effect of ADCS, the maximum mesh force and displacement of IEDS gear pair have reduced by 23.26% and 26.96% respectively, the maximum dynamic load of motor shaft and IEDS output shaft have reduced by 28.75% and 29.05% respectively. The simulation results indicate that ADCS could effectively suppress the driveline torsional vibration during rapid acceleration.
I. INTRODUCTION
Electric vehicles (EVs) are becoming more and more popular due to the influence of global energy crisis. Compared with traditional internal combustion engine (ICE), electric motor can greatly reduce the dependence of the vehicle on the multi-speed transmission, which means the multi-speed transmission can be replaced by fix-speed reducer in EVs. The simple structure of reducer is beneficial to the integration of motor and reducer for further reducing the weight, volume and cost of EV powertrain system. Therefore, it is very significant to investigate the integrated motor and reducer system with high speed, high efficiency, high power density and lightweight. As shown in Figure1, the integrated electric drive system (IEDS) studied in this paper mainly includes a surface-mounted permanent magnet synchronous motor (SPMSM) with its controller, a helical gear reducer and an output shaft. Exploring the coupling characteristics The associate editor coordinating the review of this manuscript and approving it for publication was Zhuang Xu . between the electrical system and mechanical system of IEDS can provide theoretical basis for the optimization of mechanical structure and motor control strategy, which can further extend the life of IEDS and improve the vehicle driving comfort.
As an important component of IEDS, SPMSM is a nonlinear, strong coupling and multi-variable complex object. Almost modern SPMSM control systems are based on the rotor field-oriented vector control (RFVC) or direct torque VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ control (DTC) principle including the current loop and speed loop. In order to further improve the system performance, some novel speed control systems replace the traditional controllers of RFVC and DTC with more advanced controllers, such as adaptive controller [1] , sliding mode variable structure controller [2] , active disturbance rejection controller [3] and intelligent controller [4] - [6] . There are also some speed control systems that abandon the double closed-loop control structure of FRVC and DTC, such as model predictive controller [7] . Research on speed control system of PMSM has made considerable progress in recent years. However, the RFVC based on PI algorithm is still one of the most commonly used methods for SPMSM due to technical and cost reasons. Different from the traditional vehicle driveline with multi-speed transmission, the driveline of EV is relatively simple. As not equipped with clutch and hydraulic torque converter, the EV driveline presents underdamped characteristics. In addition, the torque response of electric motor is 10-50 times faster than that of internal combustion engine (ICE). During rapid launch process of EV, the sudden torque step produced by motor will lead to the driveline torsional vibration, where the low frequency longitudinal vibration occurs in the range of 2-10Hz [8]- [10] . In order to suppress the launch vibration of EV, reference [11] - [14] adopted feedforward control and feedback control to increase the system damping. In reference [15] , a relatively small amount of rotation velocity offset was added to the traction motor to significantly reduce the resonant vibration with negligible impact to vehicle speed. Reference [16] proposed a wave superposition control strategy. The simulation results showed that the strategy was more effective than feedforward control in suppressing the launch vibration of hybrid electric vehicle. In reference [17] , a torque control strategy based on fuzzy logic was proposed to suppress the driveline vibration of four-wheel drive electric vehicle. In addition, some other strategies could also effectively suppress the driveline torsional vibration of EV, such as linear quadratic regulator control [18] , PI/PID control [19] , pole placement control [20] and dynamic matrix control [21] . The above researches took advantage of the fast torque response of motor to suppress the driveline torsional vibration and achieved good results. However, the driveline model and motor model had been greatly simplified and unable to reflect the detailed dynamic response characteristics of drive system. As another major component of IEDS, the gear transmission system is widely used in vehicle driveline with high efficiency and reliability. After long-term research by scholars all over the world, the complete theory system and modeling methods of gear transmission have been well established. Reference [22] established a coupled bending-torsion-shaft vibration model of helical gears, which took into account both time-varying mesh stiffness and mesh impact. In order to study the dynamic characteristics of high-speed helical gear transmission system in wind power gearbox, reference [23] established a bending-torsion coupling dynamic model and analyzed the effects of rotational speed, gear eccentricity and bearing clearance on the vibration response characteristics of the transmission system. Reference [24] investigated the effects of sliding friction and profile modification on the mesh dynamic characteristics by finite element method. Reference [25] , [26] studied the influence of average load, load fluctuation, mesh damping and backlash on the resonance characteristics of the transmission system, and then analyzed the relationship between average load and continuous mesh, unilateral impact and bilateral impact. In reference [27] , the torsional vibration model of a single-degree-of-freedom gear pair was established to study the effects of time-varying mesh stiffness and engine speed fluctuation on the system stability. In current researches, the gear transmission system and SPMSM are always studied separately without considering the interaction between mechanical system and electrical system, which limits the further improvement of the dynamic performance of IEDS.
To deal with the above-mentioned issues, this paper establishes an electromechanical coupling model of IEDS including motor model and driveline dynamic model. Then, based on this model, the electromechanical dynamic response characteristics of IEDS under the conditions of rapid acceleration and impact load are simulated and analyzed. In order to suppress the driveline torsional vibration and ensure the vehicle's acceleration performance at the same time, an active damping control strategy (ADCS) based on motor torque compensation is proposed. The simulation results have confirmed the validity of the proposed strategy. This paper considers the following contributions and novelties:
1. A detailed transient dynamic model of IEDS is established to study the electromechanical coupling characteristics of the IEDS under the conditions of rapid acceleration and impact load, and the interaction between electric system and mechanical system is simulated and analyzed.
2. An active damping control strategy (ADCS) is proposed to suppress the torsional vibration of driveline during vehicle launch, and the effectiveness of the strategy is proved by simulation experiments.
A complete electromechanical coupling dynamic model of IEDS is established in Section II. In Section III, the electromechanical dynamic characteristics of IEDS during rapid acceleration and impact load condition are simulated and analyzed. In Section IV, according to the electromechanical coupling characteristics of IEDS obtained in Section III, an active damping control strategy is proposed to suppress the torsional vibration of the driveline and simulation experiment is conducted to verify the validity of the control strategy. Section V presents the final conclusions.
II. ELECTROMECHANICAL COUPLING DYNAMIC MODEL
The EV driveline equipped with IEDS is shown in Figure2, which consists of IEDS, final drive, differential, half-axle and wheel, etc. In order to study the electromechanical coupling characteristics of IEDS, detailed dynamic models of electrical system and mechanical system are established respectively. 
A. DYNAMIC MODEL OF SPMSM
The voltage equation of SPMSM expressed in the rotating dq frame can be given by
where U d and U q are d-axis voltage and q-axis voltage respectively, i d and i q are d-axis current and q-axis current respectively, R is the stator resistance, L s is the stator inductance and ω e is the electrical angular speed. The torque of the SPMSM can be calculated by
where ψ f is the permanent magnet flux linkage and P is the pole pair number.
B. SPEED CONTROL SYSTEM OF SPMSM
The maximum torque per ampere control (MTPAC) can make the SPMSM work more efficiently in the constant torque region at low speed, and the flux weakening control (FWC) can keep the SPMSM working stably in the constant power region at high speed. Therefore, the dq-axis reference currents are calculated by combining MTPAC and FWC in this paper.
1) STATOR DQ-AXIS REFERENCE CURRENTS
The stator voltage and current are both limited by system capability. The current limit circle and the voltage limit ellipse can be described as
where − → i s max is the maximum current limit and − → U s max is the maximum effective voltage provided by the inverter.
a: MAXIMUM TORQUE PER AMPERE CONTROL
In the constant torque region, the unit stator current is expected to output as much electromagnetic torque as possible to improve the system efficiency. On the premise of Equation (5) where C is a constant, the dq-axis reference currents are obtained by solving Equation (2) and Equation (5), as shown in Equation (6).
As shown in Equation (7), ω et is the maximum electrical angular speed that a motor can achieve in the constant torque region. And the base speed ω rt can be described by Equation (8).
The relationship between the q-axis reference current and the rotor angular velocity ω r in the high-speed constant power region is described as Equation (9). Controlling i d = 0 when the motor works at high speed, the motor can't work stably in the constant power region under the restriction of the stator voltage. Thus, it is necessary to control the d-axis current to weaken the magnetic field for improving the motor output torque, and then the d-axis reference current can be described as Equation (10).
The main parameters of the SPMSM are shown in Table 1 . The numerical model of dq-axis reference currents is obtained by MTPAC and FWC, as shown in Figure 3 .
2) DOUBLE CLOSED-LOOP PI CONTROL SYSTEM
Equation (1) reflects the dynamic coupling relationship between dq-axis currents and voltages. With the increase of rotor speed, the proportion of coupling terms in stator voltages will also increase. To eliminate the influence of coupling terms on current control, the current decoupling control is adopted in this paper, as shown in Figure 4 . In addition, the space vector pulse width modulation (SVPWM) is adopted to supply the dq-axis voltages by inverter.
With current decoupling control, the transfer function between the d-axis reference voltage and current can be described as
As shown in Figure 5 , a PI controller is used as d-axis current controller, and the transfer function of G 1 (s) can be described as where K p is the proportionality coefficient, K i is the integral coefficient, and
The open-loop transfer function G c id (s) between d-axis reference current and actual current can be described as
In order to make the actual current follow the reference current better, this paper adjusts the open-loop transfer function G c id (s) to an integral function. Thus the parameters of the current PI controller must satisfy Equation (14).
Then, Equation (13) can be described as
The relationship between the zero amplitude crossing frequency ω c of the open-loop transfer function G c i d (s) and the proportional coefficient K p can be described as
The parameters of d-axis current PI controller can be obtained by choosing appropriate zero amplitude crossing frequency. Similarly, the parameters of q-axis current PI controller can be obtained. In this paper, the speed controller is also a PI controller. However, the rotor speed response is not only relevant with the electromagnetic torque, but also the transmission system and external load, which makes the relationship between motor torque and rotor speed can't be expressed in the form of transfer function. Therefore, the parameters of the speed PI controller are selected through multiple simulation experiments. The parameters of the three PI controllers are shown in Table 2 . 
C. DYNAMIC MODEL OF THE EV DRIVELINE
The motion model of IEDS gear pair is illustrated in Figure 6 . The internal excitation in gear mesh process mainly includes time-varying mesh stiffness and mesh error. Many researchers utilized the gear rotation period to describe the mesh stiffness in time domain before, but the rotation speed of vehicle driveline varies with time, which makes the mesh stiffness inconvenient to express with respect to time. In this study, the time-varying mesh stiffness and mesh error are described in terms of the gear rotation angles by calculating the length of contact line during mesh.
According to the mesh characteristics of helical gear pair, the mesh stiffness k mi of i th (i = 1,2, · · · ceil(ε γ )) mesh tooth pair can be described as Equation (17) and (18) [28], [29] .
When ε α ≥ ε β ,
where s = r b1 mod (
where s = r b1 mod (θ 1 + 2(i − 1)π/Z 1 , 2ceil(ε γ )π/Z 1 ),
In Equation (17) and (18), 'ceil' function rounds ε γ to the nearest (higher) integer value and mod (x, y) is residual function. ε α and ε β are transverse and overlap contact ratios, respectively. ε γ is the contact ratio and ε γ = ε β + ε α . Z 1 ,r 1 and θ 1 are teeth number, basic circle radius and angular displacement of the driving gear, respectively. p b is the base pitch, b is the face width, β b is the base helix angle and k u is the mesh stiffness per unit length along the contact line. Then, the total mesh stiffness can be calculated as
The parameters of the gear pair are shown in Table 3 . The time-varying mesh stiffness can be calculated by Equation (19) and (20) as given in Figure 7 . The empirical formula for mesh damping is [30] 
where k ma is the average mesh stiffness, ξ m is the mesh damping ratio, and m i is the mass of gear i. The error excitation is e = e m + e r sin(
where e m and e r are the constant value and amplitude value of mesh error, which are related to the manufacturing accuracy of the gears, and δ is the initial phase of mesh error.
Ignoring the influence of backlash on gear transmission, the mesh force can be described as (22) As shown in Figure 8 , a 6-DOF torsional vibration model of the EV driveline is established based on the lumped parameter method. The mathematical expression of the 6-DOF torsional vibration model is
where T m is the electromagnetic torque generated by SPMSM, T L is the external load that applied to the equivalent moment of inertia of vehicle. T L can be described as
The parameters in Equation (23) and (24) are given in Table 4 .
The motion equation of the torsional system can be written in matrix form as
where M is the inertia matrix, C is the damping matrix, K is the stiffness matrix, θ is the rotational displacement vector and T is the torque excitation vector. Appendix I gives the details of M, C, K, θ and T matrixes. According to Equation (25), the free vibration equation of the system can be described as Equation (26) and Equation (27) without considering the damping and external excitation.
Replacing the time-varying mesh stiffness with mean stiffness, the natural frequencies of the system are obtained by calculating the eigenvalues of Equation (27) , as shown in Table 5 . As a positive semi-definite system, the zerothorder frequency is 0 Hz and the mechanical components will rotate without vibration in this mode. And when the gear mesh frequency approaches the other natural frequencies, the driveline will resonate. The speeds of the driving gear corresponding to the 1-5th order natural frequencies are 27rpm, 81rpm, 1814rpm, 8919rpm and 21514rpm, respectively. It can be seen that the speeds corresponding to the 5-6th order natural frequencies have exceeded the maximum speed of the SPMSM.
III. SIMULATION AND ANALYSIS OF ELECTROMECHANICAL COUPLING EFFECT OF IEDS
As common variables, the speed and torque of motor shaft are transmitted between the SPMSM and driveline in real time, as shown in Figure 9 . The dynamic simulation of the model is conducted with MATLAB/Simulink and solved by the fourth-order Runge-Kutta method.
A. ELECTROMECHANICAL COUPLING DYNAMIC CHARACTERISTICS OF IEDS DURING RAPID ACCELERATION
The initial speed and target speed of motor shaft is set at 0rpm and 4000rpm respectively, and the external load during acceleration is shown in Figure 10 . The electromagnetic torque generated by SPMSM is shown in Figure 11 , which can be roughly divided into 4 areas. When rapid acceleration begins, the electromagnetic torque quickly reaches the maximum value of 250Nm to drive the vehicle, as shown in area A. At about 3.2s, the rotor speed reaches the motor base speed of 2292rpm. Under the control of FWC, the SPMSM transits from constant torque region to constant power region, as shown in area B. With speed closed-loop PI control, the electromagnetic torque decrease gradually when the rotor speed approaches the target speed, as shown in area C. In area D, the motor achieves the target speed and the torque tends to be constant. Figure 12 shows the dq-axis currents of the SPMSM during acceleration. Under the combined control of MTPAC and FWC, when rotor speed is below base speed, id = 0, and when rotor speed exceeds base speed, id < 0. Figure 13 shows the speed of rotor, IEDS gear pair and vehicle. Because of the weak damping of driveline, step electromagnetic torque excites strong torsional vibration of driveline during vehicle launch. As a result, the speed of rotor and gear pair fluctuates sharply and the vehicle surges. At about 2.5s, the driveline resonates because the mesh frequency of the IEDS gear pair approaches the 3nd order frequency of driveline. Figure 14 (a) shows the disordered three-phase stator current when the rotor speed fluctuates greatly during vehicle launch and Figure 14 (b) shows the stationary three-phase stator current when the rotor speed is stable.
The dynamic mesh force and mesh displacement of IEDS gear pair during the acceleration are shown in Figure 15 and Figure16, respectively. At the beginning of acceleration, the sudden torque step produced by SPMSM causes the dynamic mesh force and mesh displacement oscillation phenomenon during vehicle launch. The maximum value of the dynamic mesh force reaches 1.72×10 4 N, which is approximately 1.69 times the static theoretical value. Then the oscillation amplitude gradually decreases due to the effect of system damping. Under the excitation of time-varying mesh stiffness and mesh error, the dynamic mesh force fluctuates all the time. As the rotor speed approaches the target speed, the mesh force decreases with the decreasing electromagnetic torque. At about 2.5s, the driveline resonance causes violent oscillation of the mesh displacement and mesh force. As shown in Figure 17(a) , frequency domain analysis of mesh force during 0-1s shows that the vibration energy mainly concentrates on zeroth-order frequency. Except for this, the main vibration frequencies are 7.5Hz and 22.4Hz, which are close to the 1st and 2nd order frequencies of driveline. The frequency domain analysis of the mesh force during 12-13s is shown in Figure 17 of IEDS are shown in Figure 18 , and the diversification trend of the dynamic torques is consistent with that of the gear pair mesh force.
B. EFFECT OF IMPACT LOAD ON THE DYNAMIC CHARACTERISTICS OF IEDS
The electromechanical dynamic responses of IEDS under impact load condition are simulated and analyzed in this paper. The initial rotor speed is 4000rpm and the constant external load that applied to equivalent moment of inertia of vehicle is 100Nm. A 500Nm impact load is applied to wheels and lasts for 0.1s, as shown in Figure 19 . The working mode of SPMSM includes torque control mode and speed control mode. In torque control mode, the motor only adjusts the output torque to achieve the target torque. And in speed control mode, the motor automatically adjusts the output torque to make the rotor achieve the target speed. Figure 20 , Figure 21 and Figure 22 compare the electromagnetic torque, rotor speed and meshing force of IEDS gear pair in speed control mode and torque control mode, respectively. In torque control mode, the impact load excites torsional vibration of driveline when the motor maintains constant torque output. In speed control mode, the fluctuating electromagnetic torque produced by SPMSM effectively suppress the rotor speed fluctuation and reduce the dynamic mesh force of IEDS gear pair.
IV. ACTIVE DAMPING CONTROL STRATEGY
During rapid acceleration, the high response of motor torque will excite violent torsional vibration of driveline. The most VOLUME 7, 2019 direct way to suppress the torsional vibration is to reduce the motor torque, which will also reduce the dynamic performance of vehicle. In order to suppress the torsional vibration and ensure the acceleration ability of IEDS at the same time, an active damping control strategy (ADCS) is proposed in this paper based on the high response of motor torque.
A. CONTROL STRATEGY DESIGN
As shown in Figure 17(a) , the main vibration frequencies of mesh force during 0-1s are 7.5Hz and 22.4Hz, which are close to the 1st and 2nd order frequencies of driveline. Thus the aim of ADCS is to weaken the torsional vibration at these two frequencies. The essence of suppressing the torsional vibration during rapid acceleration is to stabilize the system's acceleration value quickly. As shown in Figure 23 , the acceleration signal is extracted by motor shaft speed, and then processed by two parallel band-pass filters (BPFs) and low-pass filters (LPFs). Thus the compensation torque T c is formed and will be added to the electromagnetic torque. BPF can provide the oscillation level signal of each resonance frequency. Two second-order BPFs are selected and the transfer functions of them are shown in Equation (28) . The central frequencies of the two BPFs are the 1st and 2nd order frequencies of the driveline, respectively.
LPF not only filters the high-frequency portion of the motor shaft acceleration signal, but also introduces the phase lagging and filter gain at the same time. Proper selection of cutoff frequency and filter gain could result in increased damping of the driveline [31] , [32] . Two first-order LPFs are selected and the transfer functions can be described as
The parameters of the BPFs and LPFs are selected as Table 6 . In addition, the Bode plots of the filters are shown in Figure 24 , which shows the frequency response characteristics of each filter.
Based on the electromechanical coupling dynamic model in Figure 9 , the new dynamic model with ADCS is established as shown in Figure 25 . The motor shaft speed ω m is used as the input signal of ADCS. Then the compensation torque T c formed by ADCS is added to the electromagnetic torque of PMSM to suppress the acceleration fluctuation, which is equivalent to increase the system damping.
B. SYSTEM STABILITY AND CONVERGENCE VALIDATION
After adding ADCS to the control system, the stability and convergence of the control system needs to be verified. In this paper, the poles distribution of the simplified transfer function of the control system will be used to verify its stability. Without external load, Figure 26 illustrates the closed-loop control system with ADCS. G(s) is the transfer function between the electromagnetic torque T m and the motor shaft speed ω m , H (s) is the transfer function between the motor shaft acceleration α m and the compensation torque T c .
The transfer function G(s) of driveline is derived by Equation (23) . Ignoring the mesh error of IEDS gear pair and replacing the time-varying mesh stiffness with mean stiffness, Equation (23) can be transformed into a state equation. The angular displacements and speeds of the system components are defined as the state variables, as shown in Equation (30) .
Thus, Equation (19) is transformed into the state equation that can be described as
where
, u(t) is the input vector and y(t) is the output vector. 
Then, the transfer function matrix of the input vector and output vector is obtained as
The transfer function G(s) between the electromagnetic torque and the motor shaft speed is W (7,1) . The open-loop transfer function between the electromagnetic torque and the motor shaft acceleration can be described as
The transfer function between the motor shaft acceleration and the compensation torque can be described as
The closed-loop transfer function between the reference electromagnetic torque T * m and the motor shaft acceleration α m can be described as Table 7 . It can be seen that the transfer function increases by 3 pairs of poles with ADCS, but the increased poles are still distributed on the left side of the imaginary axis, which means system is still stable. When the input of the system is unchanged, the output will converge gradually and tend to be stable rather than divergent. 
C. SIMULATION RESULTS
Based on the active damping control strategy proposed in this paper, the simulation experiment is carried out. Figure 27(a) shows the electromagnetic torque of SPMSM. The motor generate a ripple electromagnetic torque with the compensation torque computed by ADCS. Figure 27(b) shows the rotor speed of SPMSM. It can be seen that the rotor speed fluctuation decreases much more rapidly with ADCS than that without ADCS, and the acceleration performance has hardly decreased. The mesh force and mesh displacement of IEDS gear pair are shown in Figure 28 . During acceleration, the maximum mesh force decreases from 1.72×10 4 N to 1.32×10 4 N, and the maximum mesh displacement decreases from 0.115mm to 0.084mm. Figure 29 (a) and Figure 29(b) show the dynamic torque transmitted by the motor shaft and output shaft respectively. The maximum dynamic torque of motor shaft decreases from 400Nm to 285Nm, and the maximum dynamic torque of output shaft decreases from 661Nm to 469Nm. The simulation results of the maximum dynamic load and deformation of IEDS mechanical system are summarized in Table 8 . With almost no loss of acceleration performance, the ADCS proposed in this paper could effectively reduce the torsional vibration of IEDS during rapid acceleration, which can effectively improve the driving comfort and extend the life of IEDS.
V. CONCLUSION
In this paper, an electromechanical coupling model of the EV equipped with the integrated electric drive system is established including the motor model and the driveline dynamic model. The electromechanical dynamic response characteristics of the IEDS under the conditions of rapid acceleration and impact load are simulated and analyzed. Then, an active damping control strategy is proposed to suppress the torsional vibration of driveline during vehicle launch. The following two points should be noted:
1. During rapid acceleration, the sudden step torque produced by SPMSM excites violent torsional vibration of driveline, lead to the speed fluctuation and dynamic load increase of IEDS gear pair and shafts. In speed control mode, the SPMSM generates fluctuating torque which can effectively suppress the torsional vibration of driveline excited by the impact load applied to wheel.
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APPENDIXES APPENDIX I
Matrixes M, C, K, θ and T stated in Equation (19), as shown at the bottom of the previous page.
